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THE development of a plant breeding strategy hinges maInly on the support 
provided by genetic information on the inheritance and behaviour of major 
quantitative characters associated with yield, quality or for that Inatter, any 
economic trait of concern to the breeder. To derive such genetic information, 
it is necessary to conceive of a genetic model in relation to the material that is 
proposed to be lltiJised. This process will, in turn, involve in most cases, the 
designing of a suitable mating system to fit into the chosen genetic model. 
Diallel crossing is one such important mating system enjoying universal appli­
cation in plant breeding. However, this mating design can fit into, at least, 
two genetic 111odels-one essentially developed for a single diallelic gene, but 
extended, as shall be seen later, to many genes only under strict restrictions 
(Jinks, 1954; Hayman, 1954, 1957, 1958, 1960; Mather and Jinks, 1971) and 
the other, a more generallTIodel (Griffing, 1956). .i\ lack of appreciation of the 
basic features and differences of the two genetic models underlying diallel 
analysis often leads to logical fallacies and errors of interpretation. Moreover, 
attempts to collate analyses based on both these models can make the confusion 
worse confounded. I t was felt worthwhile therefore, to critically assess these 
tvvo genetic models especially from the point of view of their utility in plant 
breeding .. 

THE MODELS 

iifode! 1: rrhe genetic basis and analysis of this model are fully detailed 
in Jinks (1954) and Hayman (1954, 1957, 1958, 1960). This model operates 
under the following major assumptions:- (i) parental homozygosity (ii) normal 
diploid segregation (iii) no difference between reciprocal crosses (iv) no multiple 
alleles (v) no linkage (vi) no non-allelic gene interaction (vii) genes independently 
distributed in their effects on parents. 

It is apparent that conformity with these severe restrictions will hardly be 
realised in practice in respect of quantitative characters of a population. In 
effect, the model reduces to that of a single diallelic gene with diallel mating 
between the genotypes TT and tt only (where T, t are the alleles at the single 
locus), mating with and between heterozygotes not being considered (Table 85 
in Mather and Jinks, 1971). If the gene frequencies of T and tare p and q 
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and if th_e phenotypic values of the genotypes, TT, Tt and tt arc d, hand -d 
(on an appropriately defined scale, see chapter 4 in Mather and Jinks, 1971), 
one can obtain, after going through the genetic algebra and ignoring the effects 
of environnlent (Hayman, 1954; Nlather and Jinks, 1971), the following statis­
tics to provide estimates of the genetic components of variation. 
Vp==D; Vr==--:l(D -~ HI-H?-F); VI==t H 2 ; ,\r--~=~iD-IF, the notations 
being the same as given by l\tfather and Jinks (1971). Estimates of D, HI, H~ 
besides graphical analysis of the regression of vVr on Vr using Vr-Wr limiting 
parabola will provide a complete genetic interpretation of results of an actual 

• experlment. 
It is pertinent to note that there are no built-in paranleters in the genetic 

model envisaged, to provide for epistasis \\rhich is considered to be absent. This 
situation clearly differs fronl that in a genetic model which provides for the 
existence of epistatic COITlpOnents and enunciates the conditions under ,vhich 
they are zero. For purposes of reference, \ve designate _ the analysis under this 
model as Graphical Analysis (G.A.). 

_'-'1odel 2: The complete specification, analysis and interpretation of this 
model are given by Griffing (1956). vVe designate this method of analysis as 
combining ahility analysis (C.l\.). 

I n essence, in this model the metric value of a cross is partitioned into t,,,,o 
major components, apart from a general mean and an environnlental component, 

. -(i) the contribution of the parents, the general cOlnbining ability (gca) effect, 
analogous to a main effect of a factorial design and (ii) the excess over and 
above the sum of the tvvo gca effects, called the specific combining ability (sea) 
effect, analogous to an interaction effect of a factorial design. 

This model operates under the sale assumption that parents of the diallel 
cross are inbred; a InajaI' advantage of this is that, when the hybrids and -the 
parents are raised in plots (usually one row or few rows) in the field, genetic 
uniformity ,vill be maintained so that the quantitative characters can be 
measured on a randolll sample of plants from a plot. 

A particular genetic constitution of parents, like the one-gene diploid 
homozygous ge11otypes, TT, tt of :Nlodcl 1, is not assumed in this model. So 
much so, genetic inforn1ation pertaining specifically to one gene model such as 
D, HI, H2 etc., would not be available; nevertheless, relevant and vital genetic 
information of direct utility to plant breeding problems would b,e provided by 
this model, as will be seen later. \ 

The singular advantage of this model is that the estimates of the variances 
due to gea and sea provide an apt diagnosis of the predominant role of additive 
or epistatic gene action. The gea and sea effects will help to locate the parents 
and crosses that are responsible in bringing about a particular type of gene 
action. 

In fact, tI1e variances of gca (Var G-) and sea (Var S) are derived from the 
covariance of relatives, particularly from the covariances of filll- and half-sibs. 

COy (Half-sibs) ==ka2
A -~k2a2AA +k3a2AAA + ----
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COy (Full-sibs) ==la2A-\-12a2u+12a2AA i--r\r2AD r 14a'lDD i-13(j2A:\.~· t- ----­
Var G == Cov (Half-si bs ) 
Var S== Cov(Full-sibs) - 2 cov(Half-sihs.), where k== (1 +f) /4, 1= 2k and f is 

the inbreeding coefficient (Kempthorne, 1957). We notice that Var G contains 
only additive variance and epistatic interactions of the type, additive X addi­
tive, additive >< additive X additive etc. Var S, on the other hand, involves 
dominance variance and all types of epistatic interaction including additive X 
additive, ...... types. The interpretation of these variances (wIlen they are 
statistically tested) will provide clues to breeding methods that can fruitfully be 
employed in the subsequent generations. Such clues gain further strength from 
a critical examination of the variance-covariance matrix of combining ability 
(Arunachalam, 1976; ·Griffing, 1956). Thus, it is certainly possible to make 
indirect inferences about gene action from this model also. 

DISCUSSION 

Our main purpose is to consider the merits of employing either or both the 
methods-G. A. and C. A.-in the analysis of data from diallel crosses, parti­
cularly from tIle point of view of the plant breeder. 

i\S outlined earlier, the G.A. is based on a single diallelic gene model. The 
total genetic variance, being the variance of the genotypic values of the 3 geno­
types, has only 2 d.f. which are uniquely accounted for by the additive and 
dominance variances (Arunachalam and Owen, 1971). A partitioning of the 
total genetic variance into its additive and dominance components was first 
given by Fisher (1941). He defined 'average excess' a, of any measurement 
in respect of any gene substitution, such as that ofT for t, as the difference in tIle 
mean values of the tvvo moieties into which the population of the three geno­
types, TT, Tt and tt would be divided. If p(\ 2pq and q2 are the frequencies 
and d, h, -d are the gellotypic values of the three genotypes (ignoring environ-

. p2d ; pqh pqh-q~d 
mental effects), the average excess, a == --- --- -- '--. = d + (q-p)h 

. p 2 .~_ pq pq I q 2 

The 'average effect', rJ.., in respect of any gene substitution is the linear regression 
coefficient obtained by fitting an additive model to the genotypic values. An 
outline of the additive model fitted to the genotypic values of TT, Tt and tt is 
given belo\v: 

Genotypic Addition Dominance 
Genotype Frequency Value \Talue Deviation 
-- ------- ----.--- ----------

TT p2 d g + 2a d-g-2a 
Tt 2pq h g + a h-g-a 
tt q2 -d g -d-g 

. I 
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We note that vve have 110t assumed any environmental effect so that the 
phenotypic values d, hand -d represent also the genotypic values. On fitting 
the additive model, vve get an estimate of rJ .. , by least squares method. 

(l = P (difference in the genotypic values of TT, tt) 
+ q (differe11cc in the genotypic values of Tt, tt) 

p( d-ll) +q (h+d) 
d+(q-p)h 
a 

Thus, we see tllat, under randon1 mating, 'X===a and it can be shown to be equal 
to the additive effect, L. The dominance effect, Q can be ShO'V11 to be equal to 
--2h, so that the dominance deviations of the genotypes TT, Tt and t* will 
be q2Q, _pqQ, p2Q. 
Thus, additive effect, L::=:a a==d+(q-p)h 

domina11ce effect, Q - -211 
additive variance, 'Vl\== 2pqL~ and 
dom.inancc variance, VD::=: p2q2Q ~ == 4p2q2h 2 (See for details, Fisller, 

1941 ; Li, 1955; Falconer, 1964; Arunachalam and O\,yen, 1971). 
It is quite clear, therefore, that L, the additive effect is 110t equal to d, in 

general; and L==-d only if p==q. It is essential to note that both L alld Vi\ 
depend on gene frequencies ,,yhile Q does 110t. In G.A., the component, 
VA (== -~·DR in the notation of l\Iather and Jinks, 1971) is further split up and 
expressed in terms of D, H J, H2 and F ( see chapter 9 in ~/father and Jinks, 1971). 
In fact, V.L~ == 2pqL2 

2pq [d+ (q-p )hJ2 
2pq [d2 + (q-p) 2112 +2dh( q-p)]. 
2pqd 2 +2pq (1-4pq)112 +4pqdh( q-p) 

-- ~ DR==~-(D+HI-H2-1?) ............ (1) 
The tcrnlS d\ 112 al1d dh can be replaced by 2d2, ~h~ and 2:dll (the respective 
values being SUffilned over all the loci), if one deals \vith a number of purely­
additive al1d completely independent genes (though it is an untenable 
assumptio11), as done by l\1ather and Jinks (1971). 

vVe 110tice that D is not equal to the additive genetic variance, unless 
p== q and that VD, the dominance variance :=-.: p2q2Q 2 == 4p2q2h2 has nothiIlg 
in conlmon \vith HI or H2 except for the constant, 11== -~Q. Further, we see 
from (1) that HI == 4pq112 and H2 ~ 16 p2q2112, so that HI/4H2 == 1/16pq 
which will be == l ,vhen p== q. TIlus H ,/4H2 becomes a measure of the 
deviation from equality of alleles witll positive and Ilegative effects. "This, of 
course, is subject to an error depending on tIle standard errors of H J and H 2 , 

whicll arc unknovvn. Since the estimate of pq is obtained solely from terms in 
~h2, it will, of necessity, only cover the frequencies of allelomorphs of genes exhi­
biting some degree of domillance. Thus, it provides no evidence about the 
distribution of allelomorphic pairs exhibiting no dominance." (Jinks, 1954). 
Moreover, there appears to be no physical or biological value that can be 
attached to HI or H2 as such. 
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At tIlls stage, it is important to emphasise that L=d+(q-p)h, is the 
additive effect always (which, incidentally, ==d, if p=q) and it derives its 
meaning solely from tIle fitting of an additive model to the genotypic values, as 
mentioned earlier. Recollecting that the estimated value of Q, as a consequence 
of fitting the additive model, == -2h (,vhile h is the value of the heterozygote 
actually measurable), we see that L==d+ ~Q (p-q). Thus, the additive effect 
and hence tIle additive variance VA or the value of DR (~~4pqL2) contains 
some effect of h, alld the dominance variance VD or the value of HR (== ~16p2q2 
h2

) is correspondingly less than the sUlllnled effects of all the squared h deviations, . 
under random mating, if p is not equal to q. "In general, therefore, DR is not 
the additive variation.. . .. I t is, in fact, the additive variation in. tIle statistical 
sense, rather than in the genetical sense (Mather and Jinks have adopted, see 
pp. 213-214 in ~latI1er and Jinks, 1971)". The logic behind the last statement 
is too ,veak to justify it. vVe should remember that, without a statistical fitting 
of an additive model, an additive effect cannot be defined and obtained. 
Further, there are no two definitions-one statistical and the other genetical-of 
an additive effect. The only definition of an additive effect is given by Fisher 
(1941) as mentioned earlier. Hence the categorisation of a statistical and 
genetical additive variance stands unwarranted. Thus we see, as explained 
earlier in discussion, 2: pqL2 is the additive variance, where L=d+(q-p)ll and 
since d is not equal to additive effect, in general, it is illogical to argue that DR 
is not the additive variance in the genetical sense. In fact, DR is the -correct 
expression for additive variance under ralldom mating and it contains terms 
relating only to additive effects. 

Turning now our attention to plant breeding, it is now kll0wn that almost 
all quantitative cllaracters that are dealt with there are governed by more than 
one gene. In the development of.G.A., a one-gene model is assumed to start 
with and the analysis tllcn extended to many genes under almost impossible 
restrictions. The total genetic variance, having only 2 d.f., is uniquelyparti­
tioned into additive and dominance variances in a one-gene model, as explained 
earlier. Hence, the extended method using this model can, at the most, estimate 
(not necessarily unbiasedly) only these two variallces. This is obviously 
inadequate, when it is known that the number of d.f. for tIle total genetic variance 
is more than two and that epistatic interactions play an important role. 

On the other l1and, removing el)istatic interactions in actual experimental 
data by scaling does not appear to be a viable proposition, since it would not be 
possible to take the interpretatioll of all the results back to the original data, any 
longer. According to lVlather and Jinks (1971, p. 63), "We cannot even assume 
without evidence that a scale appropriate to the representation of variation of a 
character in one set of individuals ullder one set of conditions will be equally 
appropriate to the representation of that same character either in a different set 
of individuals, which may be heterogenic for different genes, or under different 
conditions.. It may well, therefore, never be possible to construct an a priori 
scale for the representation of variation in a character. Certainly with no more 

---
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than our present knowledge of gene action the construction of such a scale is 
im possi ble. " 

For a plant breeder, n·ecessarily working with a number offilial generations, 
these observations would, therefore, imply that the results on scaled data would 
not, in a majority of cases, be of any direct value for plant breeding. Similarly, 
extension of tIle concepts of G.A. to two genes wit11 linkage and other cases 
(Mather and Jinks, 1971) is constrained by the restrictions carried forward from 
one gene theory and offers very limited scope for direct utility in plant breeding 

. programmes. 
Another capability claimed for G.A. is tlle estimation of the effective 

number of factors controlling a character. The process of estimation involves 
a number of assumptions and hence tIle estirnate of the effective number of 
factors is subject to severe limitations from utility point of view (as explained by 
Mather and Jinks, 1971; Falconer, 1964). Further, the breeding methods that 
are available do not rely on the number of effective factors controlling a character. 
To be a result of basic importance, the metllod of estimation of effective factors 
should be so sound as to get stable, unbiased and repeatable estimates. It is 
thus seen that little practical significal1ce can, if at all, be attached to the estimated 
number of effective factors. By similar arguments, it would easily be seen 
that other information provided by G.A. like the distribution of alleles with 
positive and negative effects, the dominance or otherwise of increasing or 
decreasing alleles in a majority of loci, will be of little utility, if at all, in practical 
plant breeding. 

On the other hand, CIA. scores over G.A. in many respects: (i) It is not 
restricted to one gene, operates witl1 limited feasible assumptions and hence is 
more realistic to plant breeding problems. (ii) The gca and sca effects and 
variances are very effective genetic paramet~!s of direct utility to decide the next 
phase of the breeding programnle. (iii) It enables a plant breeder to decide, 
for example, about hybrid or pure line breeding, the choice of parents for cons­
truction of synthetics, the selection of suitable F /s for a multiple crossing or a 
composite breeding programme and the possibility of employing appropriate 
selection tec11niques like modified mass selection, recurrent and reciprocal 
recurrent selection etc. (iv) The designs of experiments associated with C.A. 
(especially the fixed effects model) are of direct relevance to plant breeding and 
permit efficient estim.ation of environmental variance at plot and plant leveJ. 
(v) The combining ability estimates provide valuable clues to the choice of 
parents for a multiple crossing programme and to the expected level of heterosis 
(details under publication) (vi) By employing suitable designs like triallel and 
appropriate systenls of four way crosses, it is possible to get valid estimates of the 
cornponents of epistatic interaction. (vii) The direction of combining ability 
effects provides useful inference of value to plant breeding. For example, the 
probability of obtaining heterosis in a single cross, when the divergence in the 
direction of gca effects of parents is ensured, is found to be high when the sc~ 
effect is not significant (details under publication). 
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These ideas will gain support, if now we examine some published results 
where data on diallel crosses have beell exalnined both by G.A. and C.A. 
There is a set of papers-set i\-' proclaiming that both the methods yield 
comparable and almost the same results (see, for example, Nagur and wlurthy, 
1970; Rao, 1970; Jones, Gupton and Terrill, 1972). There is a host of others-
set B-in which the two methods give different results (see for example, Gill, 
Dhillon and Bains, 1972; Tandon,Joshi and Jain, 1970; Parada and Joshi, 1970). 
Most of the citc~ pa})crs deal with self-pollinated crops where the probability of 
the assumptions required by Gd>\' to be true is high. Ho,vever, a theoretical 
allalogy of tileir results POillts out that, while set A cannot prove the validity of 
G.A., set B does prove the questionable reality of assumptions and doubtful 
utility of the results in plallt breeding. 

A view is prevalent anlong breeders that G.~-\. provides results 011 gene 
action and C.A. on combining ability; some observe that the former is a genetical 
and the latter a statistical approach. In the context of what we have discussed 
in tllis paper, it is obvious that this categorisatioll is un\varranted. For example, 
as seen earlier, the ternl additive genetic effect derives its very meaning from a 
statistical approach. Hence this arbitrary categorisation should not b.~ the 
reason vvhy both the metllods sllould be applied to the same data. As a matter 
of fact, one set (or a fcvv sets) of data fronl field experiments (llowever well they 
migllt have been conducted) cannot provide the base to evaluate the validity 
of a one gene as ,veIl as of a more general model for practical breeding problems. 
Further, our aim in plant breeding is not to test wllether a one gene model fits 
a particular set of data (though, in some special CirCUlTIstances, it may be warran­
ted) but to use a model vvhich rests 011 realistic and bread-based assumptions 
and which provides useful clues to breeding. Hence, tIle realistic choice of a 
model sllould be dOI1C at the beginning of an experimellt. The technique of 
subjecting the data to a nUlnber of methods that are and will be available 
(ignoring the assumptions and the genetic models inherent in them) and collat­
ing tIle various results obtained as done by breeders, is defillitely not a scienti­
fically sound procedure (see for cxalnple, Paroda and Joshi, 1970). A loud 
scientific thinking suggests tl1at C.A. is lnore relevant to plant breeding experi­
ments thall G.A. 

During the examination of a number of published papers, the following 
deficiencies in tIle design of experiments or interpretation of diallel crosses have 
been observed. 

(i) Extensioll of C.A. to F2 data lleeds considerable precautions especially 
in view of the fact that the segregatioll observed in different crosses is, as a rule, 
not comparable. Further, a large population of each r-'2 should be growll and 
a large enough sample per plot should be used to get, if at all, any meaningful 
results. C.A. is a testing procedure to choose parents/crosses ill tIle earliest 
generatiol1 to obtaill the next generation. Hence advocating the C. A. in F2 
and higher generations, on the basis that adequate seeds in F I is a limiting factor, 
is questionable in view of a differential segregation in F2 (which confers some 
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unknown advantage to certain cross combinations) and, ~hen a complete 
genetic homogeneity is not certain, an unconscious selection in F I (due to the 
differing llumber of seeds in various crosses). When seeds are limited in F I , 

it is useful to repeat the crosses in an off-season, pool up sufficient seeds and tllen 
test Fl' The associated time lag is inevitable if the F I testing is to be of any 
significance. 

(ii) Sometimes, combinations of some gellerations of diallel cross material 
(like Fo F2 , F3 , backcrosscs etc) are raised in one randomised block design with 
different weights on the generations (like plots of 1 row for F u 3 ro"vs for F 2' 

etc). The C.1\, is done on these generations separately pulling out only the data 
on relevant entries fronl the r.b.d. (see, for example, Tandon, Josl1i and Jain, 
1970; Singh and Singh, 1972; Singll and Dhaliwal, 1972; Dhaliwal and Gill, 
1973; Singh and Singll, 1974). Tllis leads to different estimates of error and 
other fallacies (see Arunachalam, 1974) and should be avoided. It is easier to 
plant the material of different generations in small r.b.d.'s in contiguous blocks 
of experimental area. 

(iii) A number of papers is found in whicll the fixed effects model is used 
and the estimates of gea, sea variances are calculated on random effects 
model (see, for example, Gill, Dhillon and Bains, 1972). This is obviously 
erraneous. 

(iv) TIle magnitude of additive as compared to non-additive variance 
can be inferred only by a comparisoll of tIle estimates of gca and sea variances 
obtained from the expected values of gca and sca mean squares (m.s.) in the 
combining ability ANOV A. Unfortunately, in several published papers, the 
magnitudes of gea and sea means have been compared instead, to decide the 
predominance of additive to non-additive gene action (see, for example, Kronstad 

-and Foote, 1974; Parada and Joshi, 1970; Sing11 and Singh, 1974; Dhali\val and 
Singh, 1973; Murty, 1975). 

(v) An attempt to draw relevant genetic information on yield should 
always be made on a comparative examination of all the yield components taken 
together, in preference to an examination of a subset of components in isolation 
(unlike the papers by Singh and Singh, 1972 on 3 characters and by the same 
autllors in 1974 on 5 characters on the same experiment in 1nung bean). 

(vi) It "vill always be 11elpful if a breeder, where possible, ensures the 
reliability of the results on gene action obtained from F I by a follow-up of 
selected material in later generations. For example, a highly heterotic cross can 
be repeated and crosschecked for the degree of heterosis; a significant additive 
genetic variance found in a particular population can be inferred by measuring 
the response to selection in the immediately succeeding generation. Results 
reported on such cross-checks will not only be of scientific merit but also render 
repeatability, an essential component of breeding· methods, feasible. 

Thus, it would appear from the analysis in the foregoillg pages, that all 
aspects of relevant genetic information can profitably be obtained by C.A. alone, 
in preference to the analysis by G.A., for plant breeding problems. 
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SUMMARY 

The genetic models behind two approaches, graphical analysis due to 
Jinks and Hayman and combining ability analysis due to Griffing, employed in 
the analysis of data from diallel crosses are revie\\Ted and their relative merits in 
plant breeding discussed. It is shown that the methods given by Griffing provide 
all the information that a breeder will need fi'om a diallel cross. A few lapses 

. that were noticed in published literature in the. diallel cross experiments are 
brought out. 
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